Humoral immunity depends upon the development of long-lived, antibody- 
INTRODUCTION
The generation of effective humoral immunity is the foundation of most successful vaccine strategies (Plotkin, 2010) . Humoral immunity is mediated by long-lived plasma cells (LLPCs) and memory B cells (MBCs) that were activated through their B cell receptors in response to exposure to their cognate antigens (Kurosaki et al., 2015; Plotkin, 2010) . While pre-existing antibodies secreted by LLPCs can provide immediate defense against invading pathogens, MBCs, which maintain their BCR expression, are poised to respond rapidly to secondary antigen encounter and differentiate into antibody-secreting cells, thereby contributing to protection (Benson et al., 2007; Dogan et al., 2009; Pape et al., 2011) .
Recent evidence has revealed that both phenotypically and functionally diverse MBC populations can form in response to immunization or infection (Harms Pritchard and Pepper, 2018; Krishnamurty et al., 2016; Taylor et al., 2012a; Zuccarino-Catania et al., 2014) . For example, at least three populations of MBCs form in response to Plasmodium infection: a population of naïve-like IgD+ MBCs that are not somatically hypermutated; a population of somatically hypermutated, rapidly responding CD73+CD80+ IgM+ MBCs; and a population of classically-defined somatically hypermutated CD73+CD80+ isotype classswitched (swIg+) MBCs (Krishnamurty et al., 2016) . As these various populations appear to have different functions in response to a secondary infection, we sought to elucidate the dynamics governing the development of each, such that their generation could be directed by vaccination or manipulated by therapy.
The current paradigm regarding the formation of long-lived, high affinity, somatically hypermutated memory B cells suggests that they require iterative cognate interactions with CD4+ T cells. CD4+ T cells and B cells first physically engage at the T-B border and interfollicular regions of the secondary lymphoid organs, and then travel as a conjugate pair into the specialized microenvironment of the germinal center (GC) (Qi, 2012) . B cell follicle homing CXCR5+ T follicular helper (Tfh) cells and B cells can interact through diverse receptor-ligand interactions including CD40 and CD40 ligand, the transfer of cytokines such as IL-4 and IL-21, and growth factors like BAFF (Crotty, 2015) . The cumulative interpretation of these various signals relays directives from the CD4+ Tfh cell to the B cell, influencing the fate of the B cell, including the BCR isotype expressed.
This process is also thought to be critical for the introduction of mutations into the BCR which is followed by testing and selection of high affinity BCR-expressing MBCs and LLPCs through the process of affinity maturation (Papa and Vinuesa, 2018) . The resulting GC-derived MBCs therefore express high affinity, somatically hypermutated BCRs that are predominantly isotype-switched (De Silva and Klein, 2015) . Despite years of interrogation, many questions remain about this complex process and about memory B cells that arise using alternative differentiation programs.
Over the past decade, several studies have demonstrated that MBCs can also form in a GC-independent manner, while still depending upon T-B interactions (Takemori et al., 2014; Taylor et al., 2012a) . For example, the use of mice with ubiquitous or conditional genetic ablation of the transcription factor BCL6 have demonstrated that long-lived MBCs can form independently of a GC reaction (Kaji et al., 2012; Taylor et al., 2012c; Toyama et al., 2002) . However, the majority of the MBCs that form independently of the GC in these studies expressed lower affinity BCRs with few somatic mutations, lower surface level expression of CD73 and CD80, and exhibited less frequent isotype switching (Takemori et al., 2014; Taylor et al., 2012a) . More recently, Shlomchik and colleagues used three-day BrdU labeling windows in a model of protein immunization to mark proliferating cells that expand within a distinct temporal window and persist into the memory phase (Weisel et al., 2016) . Remarkably, BrdU+ IgM+ MBCs can be labeled within the first two days after immunization, while IgG+ MBCs begin to arise slightly later (Weisel et al., 2016) . Of interest, BrdU+ CD73+ IgG+ and IgM+ cells could be found in mice given BrdU both before and during a substantial germinal center response, raising questions about germinal center dependence, as well as the unique signals that direct the development of each individual MBC subset.
In our previous studies, CD73+CD80+ IgM+ MBCs that expressed high affinity, somatically hypermutated BCRs were able to form antibody-secreting plasmablasts very rapidly in response to a secondary challenge, similarly to what has previously been described for IgG+ MBCs (Krishnamurty et al., 2016; Pape et al., 2011) . However, based on recent studies suggesting IgM+ MBC formation prior to the GC, it is formally possible that these MBCs are GC-independent. We therefore tested this hypothesis using Plasmodium blood stage-specific B cell tetramers in the same murine model of malaria infection that we had previously used to describe these subsets. In keeping with previous studies examining the generation of swIg+ MBCs (Kaji et al., 2012; Taylor et al., 2012c; Toyama et al., 2002) , our results show that the generation of rapidly responsive CD73+CD80+ IgM+ MBCs also critically depends upon B cell intrinsic expression of the GC B cell lineage defining transcription factor, BCL6. However, while suggestive of a GC-dependent differentiation pathway, further investigation revealed that somatically hypermutated CD73+CD80+ IgM+ MBCs undergo a developmental program that is distinct from either GC-independent IgD+ MBCs or GC-derived swIg+ MBCs. Specifically, unlike IgD+ MBCs, CD73+ IgM+ MBCs require cognate interactions with CD4+ T cells. Yet unlike CD73+ swIg+ MBCs, these cells can form in the absence of a GC or even in the absence of the CD4+ Tfh cells thought to provide critical signals for the formation of GC-dependent memory B cells. These studies highlight the hierarchy of T-B interactions that can relay T cell differentiation programs to diversify B cell programs and tailor the humoral immune response.
RESULTS AND DISCUSSION

B cell-intrinsic BCL6 expression is required for the development of
Plasmodium-specific CD73+CD80+ MBCs
We previously reported that within three days of a secondary malaria challenge, a novel population of somatically hypermutated, antibody-secreting Plasmodium-specific plasmablasts formed that predominantly expressed the IgM isotype (Krishnamurty et al., 2016) . Due to the level of somatic hypermutation and supported by previous work demonstrating that GC-derived memory B cells could rapidly form plasmablasts in a secondary challenge (Pape et al., 2011; Zuccarino-Catania et al., 2014) , we hypothesized that like swIg+ MBCs, CD73+CD80+ IgM+ MBCs were GC-derived. We therefore set up a system in which we could use directed genetic ablation of the GC B cell lineage defining transcription factor BCL6 in B cells (Dent et al., 1997; Fukuda et al., 1997; Ye et al., 1997) . To accomplish this, we generated B cell conditional BCL6 knock-out (BCL6BKO) mice by crossing MB1-Cre+ mice to Bcl6flx/flx animals (Hobeika et al., 2006; Hollister et al., 2013) . Mixed bone marrow chimeric mice were then generated with bone marrow from animals to create an environment in which BCL6-sufficient and -deficient B cells could respond to infection in competition in the same inflammatory environment.
WT CD45.1/2 hosts were lethally irradiated and injected with a 1:1 mixture of congenically disparate CD45.1+ C57BL/6 (WT) and CD45.2+ BCL6BKO bone marrow. Reconstituted chimeric mice were infected with 1x10 6 Plasmodium chabaudi infected red blood cells (iRBCs) and memory B cells responding to the truncated carboxy-terminus of the Plasmodium blood-stage antigen Merozoite Surface Protein-1 (MSP1) were enriched and analyzed as previously described (Krishnamurty et al., 2016) . Timepoints were chosen based on previous analyses for memory quiescence and functional responsiveness (Krishnamurty et al., 2016) . MSP1-specific BCL6BKO cells did not form CD38 low GL7+ GC B cells as expected (Taylor et al., 2012c) and as seen in their WT counterparts at day 12 or any other time point examined (Fig. 1A , and data not shown), confirming the important role for BCL6 in GC generation and therefore the utility of this system.
We next determined how the lack of GC B cells impacted the numbers and composition of MSP1-specific MBC populations at subsequent timepoints. Mixed WT:BCL6BKO chimeras were infected and MSP1-specific B cells were examined ~80 days post-infection (Fig. 1B) . It was immediately evident that the total number of MSP1-specific B cells was reduced in the BCL6-deficient B cell population compared to BCL6-sufficient B cells in the same animals, even after adjusting for differences in chimerism ( Fig. 1B and see experimental procedures). To interrogate how the loss of BCL6 altered the MBC numbers at this timepoint, GL7+ cells were excluded in our gating strategy and the number of MSP1-specific CD38+ BCL6BKO MBCs was compared to the number of CD38+
WT MBCs. Although we expected reduced MBC numbers in the BCL6BKO cells due to an aberrant GC response, we did not predict the magnitude of the loss (~67% compared to the WT MBCs) or the diverse subsets impacted (Fig. 1B-D (Niu et al., 2003; Peng et al., 2018) .
Alternatively, it was also possible that CD73+CD80+ MBCs, which was the major population deleted in the absence of B cell-intrinsic BCL6, were not the only source of novel antibody secreting B220+CD138+ plasmablasts that we had previously described in response to secondary challenge in this system, as we had not previously developed a system to delete this population (Krishnamurty et al., 2016) . Thus, we compared functional responsiveness to rechallenge in the presence or absence of B cell-intrinsic BCL6 expression. WT:BCL6BKO bone marrow chimeric mice were infected, allowed to form memory and subsequently rechallenged with Plasmodium at similar memory timepoints represented in Figure 1 , when we had previously seen functional plasmablast responses to rechallenge (Krishnamurty et al., 2016 plasmablast population that was absent in the BCL6BKO cells by both frequency and number ( Fig. 2A) . Since antibody production is thought to be the primary effector function of reactivated MBCs, we also used intracellular antibody staining to examine if there was a deficiency in antibody production in the BCL6BKO cells as predicted by the lack of CD138+ plasmablasts (Fig. 2B ). Consistent with our previous results (Krishnamurty et al., 2016) , IgM-expressing plasmablasts dominated the antibody-secreting population 3 days after rechallenge in WT cells, but no significant antibody-secreting cells were formed in the BCL6BKO population (Fig. 2B) . Taken together, these data demonstrate that B cell-intrinsic expression of BCL6 is required for the formation of CD73+CD80+ MBCs and long-lived plasma cells, and in the absence of these populations, no antibodysecreting plasmablasts are produced shortly after rechallenge with Plasmodium, again highlighting the importance of the CD73+CD80+ MBC populations in a secondary response to infection.
BCL6 is expressed in activated antigen-specific B cells before the germinal center
The dependence of rapidly responsive, CD73+CD80+ MBCs on B cellintrinsic BCL6 expression supported our hypothesis that these cells were germinal center derived. There was, however, the distinct possibility that perhaps these cells required BCL6 expression in a GC-independent manner as BCL6 expression can be expressed early after B cell activation and regulate B cell localization through repression of EBI-2, regulation of co-stimulatory molecule expression and protection from DNA-damage induced apoptosis (Kerfoot et al., 2011; Klein and Dalla-Favera, 2008; Pereira et al., 2009 ). While BCL6 is highly expressed in GC B cells, elegant studies by Okada and colleagues using immunofluorescent microscopy of BCL6-YFP reporting B cells demonstrated that antigen-activated B cells initially up-regulate BCL6 in a T cell-dependent manner in the outer region of the follicle, before the GC has formed (Kitano et al., 2011) .
We therefore next focused our sights on determining when BCL6 was expressed in activated MSP1-specific B cells after infection and how BCL6 expression related to the formation of IgM+ and swIg+ MBCs. In naïve mice and within the first 4 days of infection, MSP1-specific cells did not express BCL6 or CD138 ( Fig.   3A and data not shown). Of the BCL6-cells present at day 4, the majority expressed IgD+ and very few were isotype-switched (Fig. 3A) . However, by day 8 post-infection, in addition to the BCL6-CD138-population, two newly formed, dichotomous populations of MSP1+ cells were present. One population expressed BCL6 but not CD138 and the other expressed CD138, but not BCL6
as expected for a newly formed plasmablast population denoted by CD138 expression ( Fig. 3A ) (Shaffer et al., 2000) . Gating on the BCL6+ population at day 8 revealed that the majority of these cells expressed IgM, displayed a lower overall expression of IgD and belonged to the newly formed CD38+GL7+ GC precursor population (Fig. 3A, 3B ). In contrast, at day 12 the majority of the BCL6+ cells were isotype-switched and a significant portion of these cells expressed low levels of GL7 and CD38 as expected of a GC B cell ( , 2012c) . This is also in keeping with our previous results demonstrating that while approximately 50% of GC precursors expressed IgM, only isotype-switched cells could be found within the GC (Krishnamurty et al., 2016) . These data suggest therefore that while IgM+ cells can express BCL6, they can differentiate into MBCs without entering the GC. Together, these data demonstrate that BCL6 is expressed in activated B cells prior to the generation of the germinal center and that dependence on BCL6
expression cannot be used as a correlate for GC dependence. We therefore initiated studies to better interrogate the critical T cell interactions required for the formation of each MBC subset, which could then help define their developmental program.
MBC subsets exhibit varied levels of T cell dependence
Based on the early expression of BCL6 in our activated Plasmodiumspecific IgM+ MBCs, we next decided to take a step backwards to dissect the various T-B interactions that could reveal the developmental pathway of each MBC subset, starting with the most basic question: are T cells required for all three MBC subsets that form in response to Plasmodium infection as has been previously described in response to protein immunization (Pape et al., 2011) . To address this question, we infected WT and TCRαKO mice with Plasmodium and compared the formation of MSP1-specific B cells in the two groups. Potential differences in parasitemia were controlled by treating both groups of mice with the anti-malarial drug atovaquone, which does not affect germinal center development (Hahn et al., 2018) . The absence of T cells resulted in decreases in all MSP1-specific B cell populations, including plasmablasts, GC B cells, and MBCs ( Fig. S2 and data not shown). IgD+ MBCs from TCRαKO mice were reduced to numbers of IgD+ MSP1 B cells found in uninfected mice, suggesting that these cells had not expanded, but instead were CD38+ naïve B cells (Krishnamurty et al., 2016) . This overall loss held true for both IgM+ and swIg+ MBCs, as there was a >90% reduction in both populations in the TCRαKO mice compared to WT mice (Fig. S2 ). These data demonstrate that T cell help is required for the generation of all three MBC populations during infection. interactions can induce T cell cytokine production (Reinhardt et al., 2009) , alter migration patterns (Kerfoot et al., 2011) , and lead to the germinal center response (Qi et al., 2008 (Gitlin et al., 2016; Krishnamurty et al., 2016; Pape et al., 2011) . We therefore examined the expression of CD38, GL7 and consistent with published studies demonstrating that GC precursors do not form in mice that lack T cells, but further revealing the importance of B cell presentation in this process (Taylor et al., 2012c) . Furthermore, these trends continued at days 28 and 102 (Fig. S3 ), confirming that CD4+ T cell cognate interactions are required for the development of GC B cells and for the development of the long-lived splenic plasma cells as previously published in other systems (Garside et al., 1998; Schwickert et al., 2011 ).
As we were most interested in specific MBC subset development however, we focused our attention on the generation of the CD38+CD138-GL7-memory cells at each of the selected timepoints. Eight days after infection, there were no differences in the number of CD38+GL7-MSP1-specific MBCs between WT and MHCII-deficient donor cells (Fig. 4C) . At later timepoints examined however, there was a significant defect in the MBC compartment in the MHCIIdeficient B cells (Fig. 4C) Since our previous data demonstrated that differences in parasitemia could alter B cell fate (Hahn et al., 2018) , we assessed parasitemia in WT and BCL6TKO mice and found that there were no significant differences in parasitemia at any timepoint examined as previously shown (Fig. S4 ) (PerezMazliah et al., 2017) . We next examined MSP1-specific B cells in experimental or control infected mice to determine if CD4+ Tfh cells were required for each of the various populations of MBCs. At day 6 post-infection, we were surprised to see that CD38+GL7+ GC precursor cells were able to form in the absence of Tfh cells (Fig. S4 ), yet by day 28 post-infection, there were far fewer MSP1+ B cells in mice that lacked Tfh cells and specifically, no GC B cells as expected (Fig. 5A , 5B). We confirmed the presence or absence of germinal centers in WT and BCL6TKO mice after infection by immunofluorescent staining of spleens. As expected, there were no GCs in any of the BCL6TKO spleens, while there were on average 10 GCs per cross section in WT mice (Fig. S4) . We further confirmed the loss of the Tfh compartment in the BCL6TKO mice after infection with transgenic Plasmodium that expresses the LCMV GP66 peptide to allow for the analysis of GP66-specific CD4+ T cells generated in response to Plasmodium infection (Hahn et al., 2018) . While the number of GP66-specific CD4+ T cells was not different in the two groups of mice 28 days post-infection, the CXCR5+ compartments were largely absent as expected (Fig. S5) . With this confirmation that we had ablated the GC, we next examined the composition of the MBC pool in WT and BCL6TKO mice 28 days post infection. The numbers of total MSP1-specific CD38+GL7-MBCs were comparable in the two experimental groups, however the composition of the populations was very different. BCL6TKO mice lacked class-switched MBCs as predicted, but we were very surprised to see significant populations of IgM and IgD+ MBCs that were comparable in percentage and number to those found in WT mice (Fig. 5C ). We therefore concluded that while the swIg+ MBC population is dependent on Tfh cells and GCs, IgD+ MBCs can form in a Tfh cell-independent manner.
These findings raised the possibility that the numbers of IgM+ MBCs were the same in the presence or absence of Tfh cells, but again, perhaps we had removed key differentiation cues that altered the generation of CD73+CD80+ somatically hypermutated cells. Remarkably however, further analyses of CD73 and CD80 expression revealed comparable levels of these molecules on IgM+
MBCs in the WT and Tfh-deficient environments, while there was a pronounced loss of CD73+CD80+ swIg+ MBC in BCL6TKO mice compared to WT mice (Fig. 5D ). To also determine if the levels of somatic hypermutation were comparable in the presence or absence of Tfh cells, we performed paired heavy light chain BCR sequencing of sorted MBCs from both groups of mice. We were unable to get enough MSP1-specific switched cells to include in this analysis as they were not generated in the absence of Tfh cells (Fig. 5D and 5E ). MSP1-specific B cells from 2 naïve mice and IgD+, CD73+CD80+ IgM+, and CD73+CD80+ swIg+ MBCs from 2 memory WT and 2 memory BCL6TKO mice were single-cell sorted and BCR heavy chains were sequenced and analyzed for the number of mutations compared to germline sequences (E). 
Infections, drug treatment and parasitemia analysis
Plasmodium chabaudi chabaudi (AS) parasites were maintained as frozen blood stocks and passaged through donor mice. Primary mouse infections were initiated by intraperitoneal (i.p.) injection of 1x10 6 iRBCs from donor mice.
Secondary mouse infections were performed using a dose of 1x10 
Tetramers
Purified recombinant His-tagged C-terminal MSP1 protein (amino acids 4960 to 5301) (Ndungu et al., 2009 ) was biotinylated and tetramerized with streptavidin-PE (Prozyme), as previously described (Krishnamurty et al., 2016) . LCMV Glycoprotein (GP) (provided by Dr. John Teijaro, Scripps Research Institute) was biotynylated and tetramerized with streptavidin-APC (Prozyme). Decoy reagent to exclude non-specific binding to the MSP1 tetramer was made by conjugating SA-PE to AF647 using an AF647 protein labeling kit (ThermoFisher), washing and removing any unbound AF647, and incubating with an excess of an irrelevant biotinylated His-tagged protein (Krishnamurty et al., 2016; Taylor et al., 2012b) . Decoy reagent to exclude non-specific binding to the GP tetramer was for 30 min on ice, and enriched for using magnetized LS columns. All bound B cells were stained with surface antibodies followed by fixation and intracellular antibody staining when needed ( Table 1) . Cell counts were determined using Accucheck cell counting beads. All cells were run on the LSRII (BD) and analyzed using FlowJo software (Treestar).
Single cell BCR sequencing
Single naïve MSP1 + B cells, and IgD+, CD73+CD80+ IgM+ and CD73+CD80+
swIg+ MBCs were FACS sorted using an ARIAII into 96-well plates. cDNA was prepared using the Maxima First Strand cDNA Syntheis Kit (Thermo Fisher) and
BCRs were amplified using the primers in Table 2 . DNA products were purified with Exocnuclease and Alkaline Phosphatase (Thermo Fisher) and sequenced by Genewiz. Nucleotide sequences were analyzed using IgBlast to determine the number of mutations.
Histology
Spleens were isolated from infected mice and immediately embedded in OCT freezing medium. 8µm sections were cut on a cryostat and sections were fixed in acetone and stained with B220 AF647, PNA FITC, and CD4 biotin followed by DL594 streptavidin. Images were taken on a Nikon Eclipse 90i with NISElements software.
Statistical Analysis
Unpaired, two-tailed Student's t tests were applied to determine the statistical significance of the differences between individual groups. A paired t test was applied to determine statistical significance within individual mixed bone marrow chimeras. All analyses were done with Prism (Graphpad) software. The p-values were considered significant when p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
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